The basis of motor learning involves decomposing complete actions into a series of predictive individual components that form the whole. The present fMRI study investigated the areas of the human brain important for oculomotor short-term learning, by using a novel sequence learning paradigm that is equivalent in visual and temporal properties for both saccades and pursuit, enabling more direct comparisons between the oculomotor subsystems. In contrast with previous studies that have implemented a series of discrete ramps to observe predictive behaviour as evidence for learning, we presented a continuous sequence of interlinked components that better represents sequences of actions. We implemented both a classic univariate fMRI analysis, followed by a further multivariate pattern analysis (MVPA) within a priori regions of interest, to investigate oculomotor sequence learning in the brain and to determine whether these mechanisms overlap in pursuit and saccades as part of a higher order learning network. This study has uniquely identified an equivalent frontal-parietal network (dorsolateral prefrontal cortex, frontal eye fields and posterior parietal cortex) in both saccades and pursuit sequence learning. In addition, this is the first study to investigate oculomotor sequence learning during fMRI brain imaging, and makes significant contributions to understanding the role of the dorsal networks in motor learning.
Introduction
The ability to learn sequences of movements and use this information to interact with our environment is a basic function of the human brain, and often involves a transition from reactive to predictive motor control (Säfström, Johansson, & Flanagan, 2014) . Predictive estimations are internally generated and utilized in skilled behaviour to minimise error and decrease processing delays in the sensorimotor system. Both saccadic and pursuit eye movements exhibit this predictive behaviour during repeated stimulus presentations involving the use of short-term memory storage (Barnes & Asselman, 1991) and much is now known about the mechanisms that guide these behaviours (for pursuit, see Barnes & Asselman, 1991; Missal & Heinen, 2004; Schmid, Rees, Frith, & Barnes, 2001 ; for saccades, see Lu, Matsuzawa, & Hikosaka, 2002) . In addition, there is now substantial evidence of some commonalities in the neural networks between these two eye movement types (Krauzlis, 2005; Nyffeler, Rivaud-Pechoux, Wattiez, & Gaymard, 2008; Orban de Xivry & Lefèvre, 2007) . Despite these advances in the understanding of predictive control, little is known about the neural networks involved in oculomotor sequence learning and how these support general motor learning. Indeed, there are inherent differences between the two eye movement types, in that pursuit eye movements normally rely on error correction obtained from stimulus feedback (Barnes & Asselman, 1991) , whilst saccades are considered ballistic movements and can be initiated in the absence of a visual stimulus (Leigh & Zee, 1991) . Furthermore, prediction in pursuit is observed after previously sampling the stimulus or cueing (Barnes & Asselman, 1991; Barnes & Donelan, 1999; Becker & Fuchs, 1985) ; whilst prediction in saccades can occur without this previous sampling, but wrong predictions are associated with certain costs (i.e., accuracy and timing). Thus, investigations into the learning mechanisms of these two systems will provide further insight into how the central nervous system combines different modes of motor control to achieve a common goal. Early investigations into prediction suggested that saccadic and pursuit movement preparations are influenced by similar brain regions, as the phase transition to predictive responses is similar for both eye movement types (Burke & Barnes, 2006; Joiner & Shelhamer, 2006) ; however different temporal characteristics (i.e. saccades initiate predictive responses earlier than pursuit) may reflect distinct neural activation to release the motor command (Burke & Barnes, 2008) .
Evidence from electrophysiological and fMRI studies show the involvement of the frontal eye fields (FEF) and supplementary eye fields (SEF) for both pursuit and saccades as part of a common predictive process (Carpenter, 2004; Drew & van Donkelaar, 2007 ; Gagnon, Paus, Grosbras, Pike, & O Driscoll Krauzlis Nyffeler et al., 2008) . In addition, the dorsolateral prefrontal cortex (DLPFC) has been shown to play an important role in working memory mechanisms (PierrotDeseilligny, Müri, Rivaud-Pechoux, Gaymard, & Ploner, 2002) , and also plays an important role in volitional motor control. The DLPFC has direct connections to the FEF and SEF and is involved in the control of voluntary saccades (Heide et al., 2001) , memory-guided saccades (Nyffeler et al., 2002) , and in the planning of pursuit (Ding et al. 2009; Schmid et al. 2001 ). In addition, transcranial magnetic stimulation to this area impairs short term memory retention of spatial information in the serial reaction time task (SRTT) (Robertson, Tormos, Maeda, & Pascual-Leone, 2001 ). Thus, the DLPFC seems to be a higher-order structure for short-term retention and manipulation of spatial information that is needed to learn a motor sequence (Robertson et al., 2001) . Furthermore, the posterior parietal cortex (PPC) has been implicated in this process and is thought to provide spatial storage of target locations (Pierrot-Deseilligny, Milea, & Müri, 2004) . The fronto-parietal network described above is highly reminiscent of the recently identified attentional network for review see Ptak, 2012) , and the synchronization of these regions is important for working memory formation (Salazar, Dotson, Bressler, & Gray, 2012) . Given this overlap in brain regions in the literature, we hypothesize that this same network may also be utilized in the storage of short-term motor memory when learning short sequences of saccadic or pursuit eye movements. Overlapping areas may suggest a general network for oculomotor sequence learning irrespective of eye movement type, whilst distinct activation would point to different coding (e.g., timing, velocity, etc.) for each subsystem.
Current theories on learning indeed suggest that the brain does not learn in a unitary manner but that it integrates different types of information via dissociable neural systems for review, see Gheysen & Fias, 2012) . However, alternative explanations point to a motor learning core network (see Hardwick, Rottschy, Miall, & Eickhoff, 2013) . Thus, no consensus has been reached on how learning, as a common goal, occurs within the oculomotor system.
The current experiment implements a novel analogous saccadic and pursuit sequence learning task with comparable visual and temporal characteristics. Thus, we examined whether learning would take place at a similar rate and whether overlapping networks in pursuit and saccades would account for these reactive to predictive transitions, indicative of learning a motor sequence. In addition, unlike previous single or double-step/ramp experiments, our sequence learning task involved continuous interlinked component sequences that better represent sequentially-linked actions.
Uniquely, a multivariate pattern analysis (MVPA) was implemented into our fMRI data to detect subtler differences in the reactive to predictive transitions that occur when learning a motor sequence. The MVPA uses response pattern identification techniques to discriminate between cognitive states and has been found to be more sensitive than conventional mass-univariate approaches (for review see Norman, Polyn, Detre, & Haxby, 2006) .
The main aims of the study were: (i) identify (similar and distinct) brain areas used during oculomotor learning in saccades and pursuit and, (ii) to utilize MVPA to test whether the key brain areas important for oculomotor sequence learning (DLPFC, the FEF and the PPC) and show differences in patterns of activation to new versus familiar sequences.
Methods

Participants
Thirteen participants 22 to 34 years of age (9 females, mean age 26.1 years, SD 3.83) with normal or corrected eyesight and no known neurological conditions took part in the study. Testing comprised 2 experimental sessions, one in the visuomotor laboratory (IPS, Leeds, UK) and a second session in the fMRI scanner (Salford Hospitals, Manchester, UK). These sessions took place approximately 1 week apart. This study was approved by the local and regional NHS ethical committees and by The
University of Manchester and Leeds ethical committees and conducted in accordance with the standards laid out in the 1964 Declaration of Helsinki. All participants gave informed consent prior to each experimental session.
Stimuli and Procedure
Set-up for the eye movement session
Participants were tested in a dark room while seated, with their heads positioned on a forehead and chin rest of an eye tracker (EyeLink, 1000Hz, SR Research Ltd, Canada). Participants were positioned 57 cm in front of a computer monitor (43 cm CRT colour monitor, 1024 by 768 pixel resolution, 75Hz, mean luminance of 50 cd/m 2 ), where the visual stimulus was presented. The stimuli during the experimental sessions were created using custom-made programs (COGENT, Psychtoolbox, MatLab, Mathworks, USA), and were exactly equivalent in both lab and fMRI environments, but comprised different sequences to avoid learning between sessions. Nine point eye movement calibrations took place prior to each experimental block (4 blocks in total) and rest breaks were given between each block, in which the lights were turned back on in order to avoid dark adaptation and fatigue. The experimental eye movement session lasted for approximately 60 minutes.
Set-up for the fMRI session
Eye movements were recorded inside the fMRI scanner using an ASL optical video eye tracker (Applied Science Laboratory, Bedford, MA) that sampled at a rate of 60 Hz. Eye movement data was inspected on-line to make sure that the participants were performing the task correctly. Participants were supine on the scanner bed. The head coil provided support for the participant s head and with the addition of cushions, helped to minimize head movements during scanning. An image of the eye was reflected via a mirror positioned on the head-coil to the ASL video camera positioned outside the scanner near the head of the participant. A second mirror on the head-coil was used to reflect an image of the stimulus to the participant via a projector screen (75 Hz, 180 x 110 mm screen size) at the participants feet. The same stimulus from the laboratory experiments was used in the scanner and the 4 experimental blocks were counterbalanced between participants. New sequences were designed for the scanner sessions and all participants performed the same sequences in the same order within each block. Calibrations for the eye took place in the scanner prior to each experimental block. The room was kept as dark as possible and the lights were turned on in between blocks to maintain alertness. The fMRI experimental session also lasted approximately 60 minutes.
Stimulus
Experiments were designed to elicit saccadic and pursuit eye movements during predictable and random sequences. For all pursuit sequences, the visual stimulus consisted of a white squared target 
Eye Data Analysis
Eye movement data sampled at 1000 Hz were obtained from the Data Viewer software (SR research Ltd, Canada) and blinks were automatically eliminated from the raw data prior to analysis. Data
Viewer bridged gaps within the missing data using linear interpolation. Eye displacements and velocities were analysed using a custom made programme in MATLAB (version 7.8, Mathworks Inc., USA) designed for each stimulus type and each eye movement type as described below. Eye movement data was also obtained from the scanning environment (60Hz), which revealed an identical pattern of responses from the participants during all conditions, although the signal was significantly noisier. For the purpose of clarity we will present only the laboratory based data within this section.
Temporal and spatial eye movement measures were used to assess whether participants were learning the sequences (reactive to predictive behaviour) by comparing the PRD repeated sequences to the (control) RND sequences as well as comparing between the repeated sequences (s1, s2, s3 and s4) within the PRD condition (effects of repetition). Finally, comparisons between these repeated sequences in saccades and pursuit were performed to determine differences in learning between the oculomotor systems.
Smooth pursuit
Intrusive and catch-up saccades were eliminated from the smooth pursuit eye movement data using a previously described technique (Bennett & Barnes, 2003) . Linear interpolation techniques were used to link the resulting gaps due to the removal of the saccades. The velocity traces were then filtered using a 10Hz low-pass, zero phase filter. Peak velocity (PV) was identified for each component in the PRD and RND sequences and plotted for visual inspection to ensure that the first peak was detected. After peak identification, time to peak velocity (TTPV) was calculated from the target onset of each component or ramp and averaged to compare between PRD and RND conditions.
Position error was calculated as the averaged absolute error across each PRD and RND sequence with respect to the target location.
In contrast to single ramps, which can reliably measure pursuit latency when pursuit velocity crosses 0°/s, our continuous stimulus does not show consistent start velocity values across the multiple components; particularly, when the direction of the eye and the target is maintained from one component to the other (i.e., no zero crossing). Thus, pursuit onsets of a continuous eye movement to multiple components (ramps) can be problematic to identify, as eye velocity at the start of each ramp is influenced by the decaying response to the prior ramp (see Barnes & Schmid, 2002) . We therefore implemented a more global temporal assessment to investigate the effects across the repeated sequences and calculate the overall differences in timing between eye movements and the target stimulus for PRD sequence trials by performing a cross-correlation analysis of the velocity signals of the entire sequences (also see Barnes & Schmid, 2002) . The cross-correlation between the target and each PRD sequence (i.e., s1, s2, s3 and s4) was performed. The time at which the maximum correlation was reached (tCOR) was calculated and used to describe the time delay between the eye velocity and the corresponding moving stimulus. Eye velocity X and Y traces were combined to create a single eye velocity trace, which was used to compare with the target velocity. This resulted in a tCOR value irrespective of direction.
Saccades
Saccades were computed from the eye velocity traces and identified as samples with velocity exceeding 100°/s. Saccadic PVs were plotted and visually inspected for accuracy. Saccade time to peak velocity (TTPV) was calculated for each component in each PRD and RND sequence and measured from target onset (at each component) to the time of saccade PV, using the first saccade made to the target s location The TTPV and absolute eye end position error to target location were also measured (in degrees) for each component of the sequences in both PRD and RND conditions. Similar to pursuit, cross-correlations (tCOR) were also performed between the saccade velocities and the corresponding target across PRD sequences to identify timing shifts of the repeated sequences.
A repeated measures ANOVA (IBM SPSS statistics, version 20, NY, USA) was used to identify significant behavioural differences between the PRD and RND conditions in saccades and pursuit, and a second repeated measures ANOVA was implemented to investigate learning between the identical presentations (s1, s2, s3 and s4) within the PRD saccadic and pursuit sequences (effects of repetition). Finally, we determined whether there were any (learning) differences between saccade and pursuit PRD sequences. These results were then used to model our contrasts from the fMRI data.
Interactions between variables were evaluated using a Bonferroni corrected post-hoc test. A significance level of P < 0.05 was established for all statistical analyses. Results and graphs are expressed as means and standard deviations (SD).
fMRI acquisition and analysis
Data was collected using a 3T (Phillips 3.0 T Achieva) MRI scanner with an eight-channel SENSE headcoil (Achieva 3.0 T Neuro Coil) designed to reduce the signal-to-noise ratio. A T1-weighted image http://www.nitrc.org) (Lancaster et al., 2000) . Finally data were filtered using a temporal high-pass filter at 128 Hz cut-off frequency to remove scanner drifts.
We used a general linear model to gain estimates of voxel activation to each experimental block. The regressors in the design matrix were boxcar functions designed to model the activity during each presentation of a sequence (3 seconds) resulting in the modelling of 80 PRD and RND sequences (240 second blocks), with the fixation also modelled independently (3 seconds) (i.e., Fixation, s1, s2, s3 and s4). These boxcar functions were then convolved with an individual estimate of the haemodynamic response function.
We performed overall contrasts between PRD pursuit and PRD saccadic sequences and also performed contrasts for the RND sequences between eye movement types. Second, based on behavioural results, we identified regions of interest (ROIs) associated with predictive behaviour (as evidence of learning a sequence) and performed an MVPA analysis in which we compared ROI activation in (reactive) s1 and (predictive) s4 within the PRD saccade and pursuit sequences (effects of repetition). We used this approach to assess if patterns of activity within our ROI contain information to decode whether the task was random (s1) or predictive (s4).
Univariate GLM Block design
We ran a fixed effects analysis for each participant (using Brain Voyager QX, Brain Innovations, Netherlands) and then did a 2 nd level random effects analysis (RFX) group analysis using a GLM and applied a threshold of T > 3.5 and only accepted clusters >30 voxels. We ran a Bonferroni correction to avoid the issues associated with multi-comparisons (type 1 errors) using family-wise error in
Brain Voyager with a threshold of P < 0.05. Furthermore, a cluster-size of 30 was employed to reduce false discovery and allowing us to focus on the larger regions of interest. We performed contrasts to identify PRD and RND activation in both saccades and pursuit (PRDsac > PRDpur; RNDsac > RNDpur), and also performed an overall contrast for PRD > RND across eye movement types (see Table 1 ).
These contrasts provide a summary of the activation between each movement type during reactive sequence tracking when compared to sequence learning.
Regions of interest (ROI) and Multivariate Pattern Analysis (MVPA)
Given that the 1 st presentation of each sequence (in the PRD condition) was behaviourally equivalent to the random condition (see Figure 2) , participants did not predict during that first sequence presentation and thus were not using memory (responding reactively). Our multivariate analysis could then compare this first sequence (s1) to the last presentation of the sequence (s4) since, in both sequences, the stimulus position/motion and timing was exactly the same. Thus, to generate the regions of interest for the MVPA, we performed a second univariate F-contrast analysis (p < 0.001, cluster size = 10 voxels) using the 2 nd presentation of the sequence only, for the predictive and random pursuit and saccade sequences, for each participant independently. This resulted in each participant having ROIs for PFC, PPC and FEF for the random and predictive tasks for each eye movement type, which could subsequently be used for the MVPA analysis.
The multivariate pattern analysis was performed using a MATLAB (The Mathwork, Inc., USA)
implemented In order to test whether the classifier was performing significantly above chance, the analysis was re-run with a random permutation of trials (as shown by the dotted lines on the graphs in figure 5 ).
In this permutation the s1 (RND) and s4 (PRD) labels were randomly assigned during the training phase i.e. s4 could be labelled RND, and the s1 as PRD. Given these random assignments we would predict that the classifier should perform at chance levels under these conditions as no pattern exists.
Indeed, this is what we found as the mean 95 th and 99 th percentile for pursuit (with the random permutation) for all ROI was 50.4 and 50.6 and s1 vs. s4 for saccades was 50.4 and 50.6 (see Figure   5 ).
Since the data used for ROI classification above (s2) was taken within the same experimental session as the data used for the test and training sets in MVPA (s1, s3 and s4), we wanted to check for possible double-dipping (Kriegeskorte, Simmons, Bellgowan, & Baker, 2009 ) and/or colinearity. To do this we performed an additional MVPA analysis as described above using RO) s generated from an independent experimental session (an 8 target sequence learning task) where again the second sequence within the task was used for generating RO) s We obtained similar results in classification accuracy using this alternative data set, indicating that our results are not due to circularity or colinearity within the data sets. Finally anatomical localization of our RO) s was achieved by obtaining the mean activation for each cluster (X, Y and Z) in Talairach coordinates and then using Talairach Daemon for the inquiry of brain region/area.
Behavioural Results
Predictive versus Random
Results revealed that TTPV and absolute errors values of the repeated sequences (s2, s3 and s4)
were not statistically different (P > 0.05). Thus, these repeated responses were averaged and referred to as predictive (PRD) responses and compared with the first presentation of a sequence (s1) and RND responses. It was also determined whether s1 and RND responses were statistically different in any measure within each eye movement type.
Analysis of pursuit TTPV showed that overall, the PRD eye responses achieved PV sooner compared to RND and s1 (F(2,24)= 89.8; P < 0.001) (Figure 2A) . Similarly, saccadic PRD responses had shorter TTPVs compared to RND and s1 (F(2,24)= 83.105; P < 0.001) ( Figure 2B ). The post-hoc comparing the TTPV for s1 and RND were not significantly different in either saccade or pursuit sequence learning tasks (P = 0.58 and P = 1.00 for saccade and pursuit respectively). In addition, TTPV shifts of the PRD sequences were larger for saccades (~ 224 ms) compared to pursuit (~ 84 ms).
Saccade absolute errors revealed that less accurate end-point location of the first saccade to the target during the averaged PRD responses were less accurate compared to s1 and RND (F(2,24)= 33.339; P < 0.001) ( Figure 4C ). This is in accordance with saccades of a predictive nature, which display reduced amplitudes and peak velocities and are less accurate than visually-guided saccades (Bronstein & Kennard, 1987; Smit, Van Gisbergen, & Cools, 1987) . In contrast, absolute errors for pursuit were not different between s1, RND or PRD sequence presentations (P = 0.113) ( Figure 2D ). 
Effects of repetition (within PRD)
Cross-correlations of the whole sequences were computed between the first and the repeated sequences (in PRD conditions) and the target to assess timing shifts within identical presentations.
In PRDpur, the time of maximum cross-correlation (tCOR) between the repeated responses and the target revealed a sequence main effect (F(3,36)= 33.98; P < 0.001). The pursuit repeated sequences (s2, s3 and s4) showed reduced tCOR values compared to s1 responses (all P < 0.001), but no differences were observed between these repetitions (P > 0.05) ( Figure 3A) . Similarly, PRDsac tCOR values also revealed a significant sequence effect (F(3,36)= 33.98; P < 0.001) with shorter temporal shifts in the repeated responses with respect to the target compared to s1 (all P < 0.001) and no differences between the repeated sequences (P > 0.05) ( Figure 3B ).
To determine whether temporal shifts differed between saccades and pursuit, we calculated the absolute differences from s1 to each repeated sequence (s2-s1, s3-s1 and s4-s1). Analysis of these relative differences showed significant differences across the repetitions (F(2,24)= 4.26; P = 0.026) and a main affect between saccades and pursuit (F(1,12)= 28.46; P < 0.001) (Figure 4 ), but no significant interaction (P = 0.12). Thus, the random (s1) to predictive temporal shifts are considerably larger in saccades than pursuit even after a single presentation.
Figure 3. Mean tCOR (and SD) values for 4PRDpur (A) and 4PRDsac (B)
. The cross-correlations between the target (T) and the identical sequences (s1, s2, s3 and s4) showed shorter temporal shifts from the target during the repeated sequences compared to s1. These temporal shifts were evident following one presentation of the stimulus and maintained throughout the repetitions. Figure 4 . Absolute tCOR differences between repeated sequences and s1 for saccades (in black) and pursuit (in grey). The graph shows clear differences between oculomotor systems when making direct comparisons of the reactive (s1) to predictive (s2-4) temporal shifts. Saccades show larger differences compared to pursuit across all repetitions.
fMRI Results
Predictive versus Random
We ran two main univariate analyses of the data to identify BOLD differences between the learning of sequences for saccades and pursuit. The comparison between eye movements (saccades and pursuit) revealed higher activity in a region of the middle temporal lobe (BA22), supplementary motor area (BA8) for saccades and the anterior cingulate and the Insula for pursuit. The random sequence condition yielded higher activity in the premotor cortex (BA6) and pons for saccades with the caudate and inferior frontal lobe (BA47) more active in pursuit. Table 1 . Random effects analysis of the contrasts from the predictive and random sequences between eye movement types, and across eye movements for the identification of the overall random and predictable sequence activation. The grey rows indicate activity for pursuit and the white rows for saccades. The abbreviations used are as follows: PRDpur = the repeated pursuit sequences; RNDpur = the randomized pursuit sequences; PRDsac = the repeated saccadic sequences; RNDsac = the randomized saccade sequences. BA refers to Brodmann Area. SMA = supplementary motor area; MOG = middle occipital gyrus; SPL = superior parietal lobe.
Multivariate Pattern Analysis: effects of repetition
The response of the first sequence of each PRD set of 4 repeated sequences was determined as reactive based on behavioural results and since participants did not know the sequence on its first presentation. In this way, we have an ideal comparison in that the same motor response to identical visual stimuli (within PRD conditions or sequence learning task) can be directly compared by using the 1 st sequence presentation versus the final (or 4 th ) sequence presentation. We found significant activation to the second presentation of the repeated sequence (in which prediction was evident and remained during the repeated sequences) in frontal eye fields (BA8), posterior parietal cortex (BA7), the dorsolateral prefrontal cortex (BA9) in pursuit ( Figure 5 , left) and saccades ( Figure 5 , right).
These identified RO) s from s2 were additionally verified from a previous study investigating prediction to a single repeated saccadic and pursuit target (Burke & Barnes, 2008) . X, Y, Z coordinates (Talairach), and T-value across all participants. ROIs were identified from s2 in which prediction as evidence of learning occurred. We then compared activation of these in (reactive) s1 versus (predictive) s4. The graph on the right of each image shows the classification accuracy for the 1 st sequence data and the 4 th sequence data using an MVPA analysis. The bar depicts classification accuracy when labelling each sequence (s1-s4) correctly, the dotted line indicates chance levels (i.e.
~50% with 2 conditions) ) The error bars on the graphs denote classification accuracy for the 99 th percentile.
Discussion
In this current study we aimed to identify similarities and differences in the processing streams utilized in learning sequences of saccadic and pursuit eye movements. More specifically, we intended to identify if the neural activity within the dorsal processing network (and also found in a priori studies on prediction: DLPFC, FEF and PPC; for review see: Lencer & Trillenberg, 2008) can dissociate between repeated and randomized sequences. To address these aims we firstly qualified that our participants show anticipatory eye movement responses to repeated sequences in both pursuit and saccades (as shown by the tCOR data, Figure 3 ). Both eye movements revealed learning of the sequence from the second presentation in both oculomotor subsystems. This effect has been observed previously to (single-ramp) stimuli in which all targets start from the central fixation point (Burke & Barnes, 2006) , but not to continuously moving stimuli.
Univariate analysis
To establish the differences between the networks involved in learning for pursuit and saccades when using directly comparable stimuli, we firstly employed a univariate random effects analysis.
This approach revealed significant differences in the learning of saccadic versus pursuit sequences in MTG (BA22) and FEF (BA8) for saccades, and anterior cingulate and insula for pursuit. These areas map well with research on prediction and anticipation in eye movements, suggesting that learning and prediction may be processes that occur in series (Burke & Barnes, 2008) . A previous study by Burke and Barnes (2008) in which single targets were presented, also found BA22 increased in activity with increasing repetitions or learning. In contrast to some previous studies on prediction, we found higher activity in FEF for learning sequences of saccades, whereas others have found a stronger role in FEF for visually-guided stimuli (Gaymard, Pierrot-Deseilligny, & Rivaud, 1990; Gaymard, Ploner, Rivaud-Péchoux, & Pierrot-Deseilligny, 1999; Burke & Barnes, 2008) . However, Grosbras et al (2001) found a dissociation of function within FEF for the learning of familiar saccadic sequences when compared to new sequences mainly in dorsomedial FEF, whereas lateral FEF was activated irrespective of sequence familiarity. Given that the area of activation in our study more closely resembled the dorsomedial FEF, our data supports this theory.
The anterior cingulate has shown activation in fMRI studies in relation to complex motor control, error detection/monitoring and anticipation (Luu, Flaisch, & Tucker, 2000) , hence activity in this area is more associated with pursuit. This area also has links with the DLPFC and BA7 and may form part of the attentional network described in the introduction (Devinsky, Morrell, & Vogt, 1995) . Our study also suggests an important role in the learning of sequences for pursuit eye movements. The insula was also found to be more active for learning sequences of pursuit and has been found previously in association with pursuit during periods of target blanking (Lencer & Trillenberg, 2008) , however others have found this area to be more prominent in saccades O Driscoll et al . Our data provides a role of the insula cortex in the learning of sequences of movements during tracking possibly important for motor skill development.
Overall, across both eye movement types we found that PRD responses revealed no above threshold activation when contrasted to the RND condition, and the RND trials revealed higher activation in the insula, the middle occipital gyrus (BA19), superior parietal lobe (BA7) and the posterior cingulate (BA31). Interestingly, Lindner et al (2006) suggested the insula is part of a parieto-insular network that provides the interaction between predicted and experienced sensory events during retinal motion which could be why this region is also significantly active for both predictive and random responses. Our data support these findings and again argue for an overlapping network of control for novel and familiar sequences. In addition, we have found BA19 part of the occipital cortex to be more active for randomized sequences, which is in-line with a previous study (Burke and Barnes, 2008) ,
suggesting that visually-driven responses cause greater activation of early visual areas. A more unexpected finding was the activation of the superior parietal lobe (BA7) for randomized sequences when compared to predictive. A number of studies have found the superior parietal lobe to be more active during extra-retinal memory-driven pursuit (Lencer et al., 2004) , and parietal eye field areas important for visually-guided saccades and pursuit (Petit & Haxby, 1999; Burke and Barnes, 2008) .
Our data has revealed activation in the parietal cortex for both randomized and familiar sequences, but that there may be differences in the area for each. Activation for randomized sequences was more superior (SPL) than activation for the repeated sequences (IPL), but both appear to be within BA7.
Our results suggest a distinction within BA7 for more novel and familiar stimuli.
Multivariate analysis
One major problem with the univariate approach used above is the need to use contrasts to reveal activation. Our data shows clear overlap in the network between saccades and pursuit, and also to novel and familiar sequences and fixation. To investigate this network further we employed a multivariate approach that allows interrogation of a common dorsal network for learning in order to identify if the pattern of activation within regions are key to this oculomotor learning.
We found significant activation in parietal areas for sequence learning in both saccades and pursuit that included Brodmann areas 7, 8 and 9, relating to the Posterior Parietal Cortex (PPC), the Frontal and Supplementary Eye Fields (FEF/SEF), and the Dorsolateral Prefrontal Cortex (DLPFC) regions respectively. The BA8 activation for both pursuit and saccades is within the FEF region, but also borders with the SEF brain area. It is likely that both areas are important for the sequence learning task explored (Shichinohe et al., 2009 ). The supplementary eye fields (SEF) have a well-established role in oculomotor learning in saccadic eye movements that comes from a plethora of single-unit recording studies that show how these neurons are modulated during predictive tasks (for review see Pierrot-Deseilligny et al., 2002) and other oculomotor learning tasks (Chen & Wise, 1995; Lu et al., 2002) . There have been a number of imaging studies that have investigated the role of SEF in pursuit eye movements and have come to similar conclusions, with clear evidence for a role in prediction/anticipation during internally driven oculomotor movements (Burke & Barnes, 2008;  Gagnon O Driscoll Petrides Pike Schmid et al., 2001) . Furthermore, recent single-cell recordings during predictive pursuit have dissociated SEF activation to the planning of pursuit, whereas activation of FEF is suggested to be primarily involved in generating the motor command for pursuit execution (Fukushima, Fukushima, Warabi, & Barnes, 2013 ; also see Drew & van Donkelaar, 2007) . This supports the role of SEF as a higher order structure for planning and learning, irrespective of eye movement type (Nyffeler et al., 2008) . Previous studies have compared saccades and pursuit activation during fMRI in prediction, and generally agree that both systems share a common network with some sub-regional differences (Burke & Barnes, 2008; Krauzlis, 2005; Nyffeler et al., 2008) . However, most previous studies use single target presentations, with very few studies using fMRI to investigate more complex short-term motor learning in the form of a series of oculomotor movements as described here.
The Frontal Eye Fields (FEF) contain sub-regions for pursuit and saccades (Petit, Clark, Ingeholm, & Haxby, 1997; Petit & Haxby, 1999; Rosano et al., 2002) and previous evidence supports the role of the FEF in memory and more specifically, spatial priming (Offen, Gardner, Schluppeck, & Heeger, O Shea Muggleton Cowey Walsh as neuronal firing often reveals pre-target build-up (Dorris & Munoz, 1998) that is modulated by a previously known target location (Connolly, Goodale, Goltz, & Munoz, 2005) . Our MVPA analysis also revealed a significant ability to classify whether the data was from sequence 1 or sequence 4 within this area, indicating that this area is important for the accumulation of information during learning. Due to the clear connections between FEF and PPC, much work has focused around the role of FEF in spatial attention and its involvement in the dorsal attention network (Tseng et al., 2013) . It is clear that this network is essential for spatial attention during unpredictable saccade generation (Campana, Cowey, Casco, Oudsen, & Walsh, 2007) and mediating search strategies (Lane, Smith, Schenk, & Ellison, 2012) , however the role of PPC -FEF network in predictable tasks in pursuit is less clear. Further evidence shows modulation of activity during single predictable saccades in FEF during single-unit recordings in monkeys (Sommer & Wurtz, 2000) . The present study has shown that an area related to medial FEF or lateral SEF is important in oculomotor learning (both pursuit and saccades) of sequences of movements, and importantly, we have found the pattern of activity within these regions hold the key to this learning mechanism.
Activation in the Dorsolateral Prefrontal Cortex (DLPFC) was found during our repeated sequence learning paradigm in both saccades and pursuit. We have found activation in this area previously for both types of eye movement when making predictive eye movements to a single target (Burke & Barnes, 2008) . Other studies have found this area has been mainly associated with very short-term memory acquisition for single target locations (Heinen & Liu, 1997) , and one previous study with prediction (Schmid et al., 2001) . Our MVPA results demonstrate that this area is important in both saccades and pursuit during early motor learning for a series of movements. The BOLD level signal also revealed DLPFC activation in the pursuit sequence versus random contrast, but not in saccades possibly indicating different modes of action for each eye movement type. Previous studies have demonstrated a role of the dorsal part of the prefrontal cortex in location memory, as part of the where pathway (Munk et al., 2002) , supporting the findings reported here.
An area of the right hemisphere labelled BA7 that forms part of the Posterior Parietal Cortex (PPC) has previously been associated with the selection of movements (Deiber, Honda, Ibañez, Sadato, & Hallett, 1999) . More recently however, significant activation during spatial tasks has been reported suggesting a role in spatial attentional processes (Corbetta, Patel, & Shulman, 2008) . Others have found that this area may also provide information about predictive shifts of attention during implicit learning tasks and acts in a probabilistic manner as part of the dorsal network mediating expectation of a cue/target (Manginelli, Baumgartner, & Pollmann, 2013) and is modulated by predictability. Our study shows that this area is indeed associated with the learning of a series of simple oculomotor movements in the brain for both pursuit and saccades.
Evidence from single cell recordings and from brain stimulation in humans suggest that the DLPFC is involved in the control of spatial memory in saccades (memory-guided saccades with short delays and predictive saccades) (Pierrot-Deseilligny et al., 2004) . Furthermore, lesion studies also identify the PPC as an important structure for visuospatial integration and spatial updating for double-step saccades and show that the triggering of intentional saccades is modulated by the FEF (PierrotDeseilligny et al., 2002; Pierrot-Deseilligny et al., 2004) . Our data further contributes to this understanding by suggesting that learning is encoded within the pattern of activation within these areas (especially for saccades) rather than using alternative brain regions for the storage of this information, hence patterns within this network change depending of if the sequence is novel or remembered.
Interestingly, we found peak activation to reveal some hemispheric asymmetries between the eye movement types with pursuit being more right hemisphere dominant, and saccades more left. Given that we controlled for spatial and temporal shifts within our sequences for equal right and left shifts, then this asymmetry in the frontal lobe is unlikely to be a consequence of any low level stimulus related effects (i.e. direction bias), but is more likely to reflect a true difference between activation for learning for each eye movement type. However, further investigation is needed to verify this as a true laterality effect. Early neuroimaging studies in saccades have often revealed a bias to the left hemisphere during internally driven saccades (Dejardin et al., 1998; Gaymard, Rivaud, & PierrotDeseilligny, 1993; Grosbras, Lobel, Van de Moortele, LeBihan, & Berthoz, 1999; Petit et al., 1993) , but no such bias is apparent in visually-guided saccades (Luna et al., 1998) , indicating a left hemisphere dominance for memory in saccadic eye movements. We also report that this hemisphere bias is apparent in FEF for saccades, suggesting a stronger role of the left hemisphere in oculomotor learning during saccades. In contrast, studies in pursuit eye movements have shown that right FEF lesions in humans cause the most significant deficits in predictable pursuit when compared to left FEF or parietal lesions (Heide, Kurzidim, & Kömpf, 1996) . Further support for lateralization of learning in pursuit to the right hemisphere comes from imaging studies. Ding et al (2009) revealed a clear rightsided effect in DLPFC when pursuing occluded moving target using an internal memory mechanism, also supporting the effects reported here for more memory driven approaches to be right lateralized in pursuit.
Conclusions
This is the first study (to the authors knowledge) to look at oculomotor sequence learning in both pursuit and saccades using directly comparable stimuli (same temporal and spatial properties) during fMRI. The behavioural results show that both pursuit and saccades demonstrate clear learning of the sequence by the 2 nd presentation of the short sequences in repeated presentations. In addition the univariate GLM analysis revealed clear overlap of activation when both eye movement types relied solely on the learning of directional information rather than velocity (as often in the case for pursuit). A further multivariate analysis within a priori regions of interest (dorsal network) indicated PPC, DLPFC and FEF all show differences of activation patterns within regions for novel versus known sequences. Given the differences between the two types of eye movements (e.g., feedback
versus feed-forward motor responses) this network may represent a higher order structure responsible for learning. These findings may be further utilised to compare with other motor systems (e.g., hand) to investigate brain regions important for signal sharing with the oculomotor system and motor system specific networks during the learning of visuomotor tasks. This provides the first fMRI evidence for the involvement of the dorsal network in short-term oculomotor learning in the brain.
